This paper evaluates methods for the long-range navigation of autonomous underwater vehicles (AUVs) at a middle depth of deep water from the viewpoint of spatial fields-aided navigation. Motivated by experimental works on the geomagnetic field-aided navigation of aquatic animals, we focus on the application of inertia systems with reference to maps of geomagnetic and bathymetric fields of the Earth to the navigation of AUVs. The Inertia Navigation System (INS) in combination with acoustic transponders, the Doppler velocity log, normally used for navigation systems of AUVs near the sea floor, cannot be used for long-range navigation of an AUV at a middle depth of deep water. We first carried out experiments to obtain geomagnetic and bathymetric data in the Harima Sea with a gentle slope of the sea floor and geomagnetic field. At Suruga Bay, which has a steep seabed slope, however, we used a bathymetric map and digital geomagnetic map published by the Japan Coast Guard. We performed a simulation to evaluate the performance of these navigation methods, and found that the precision of navigation of an AUV in water current by the method using the geomagnetic map and bathymetric map without INS is better than by the method using INS alone or by the method using INS with a positional correction by geomagnetic and bathymetric information.
Introduction
It is possible to instantaneously measure the positions on land using the Global Positioning System (GPS); however, the Inertia Navigation System (INS) is mainly used for the navigation of autonomous underwater vehicles (AUVs) in water because GPS signals cannot be directly received by deeply submerged vehicles. INS performance is mainly characterized by a time-dependent error accumulated through the integration of inertia sensor information [1] . Therefore, navigation can be performed near the sea floor when the INS and Doppler velocity log (DVL) [2] [3] [4] are used in combination, or when the INS is used with the DVL and acoustic transponders set on the sea floor [5, 6] .
As the main missions of AUVs are to collect oceanographic data in various sea areas, AUVs with the ability to cruise at a middle depth of deep water for a longrange distance of over 1000 km are needed. However, for the following reasons, the DVL and acoustic transponders are not useful at a middle depth of deep water for long-range cruising. First, the DVL is limited to use near the sea floor. Second, long-range navigation over 1000 km requires many transponders, which are usually set up at intervals of about 30-50 km between the starting point of an AUV and the goal point [6] . Therefore, we need a new method to correct the navigation error caused by INS itself at a middle depth of deep water for the long-range navigation of an AUV at a middle depth of deep water.
Here, we pay attention to magnetic orientation in animals that provides us with new insights into the long-range navigation of an autonomous underwater vehicle at a middle depth of deep water. Pacific salmon species, for example, outmigrate from rivers to the sea, migrate for feeding to the north Pacific ocean, and finally migrate back to rivers, lakes and streams to reproduce and die. In total, they totally migrate more than 2000 km. Wiltschko et al. [7] discussed magnetic effects on spatial behavior in the various groups of the animal kingdom, from insects to vertebrates. At least two types of information can potentially be used from the Earth's magnetic field. Directional or compass information enables an animal to maintain a consistent heading in a particular direction. Positional or 'map' information assists an animal in assessing its geographic position to move in an appropriate direction along a migratory route or toward a specific destination such as a home area. Cain et al. [8] discussed magnetic orientation and navigation in marine turtles, lobsters and molluscs, particularly the acquisition of a 'magnetic map' that enables marine turtles and spiny lobsters to use magnetic topography to determine their position relative to specific goals. They also referred to the neuroethology of magnetic orientation behavior as a sensory system.
In the field of aerospace navigation, inertia systems with reference to maps of geophysical fields of the Earth (GFE) have been well developed [9] [10] [11] . The GFE are grouped into spatial fields such as gravitational fields and magnetic fields, and surface fields such as terrain fields. In the field of underwater navigation, terrainaided inertia systems have been extensively developed to survey the seabed using algorithms for a simultaneous localization and map building method (SLAM) [12, 13] , particle filter (PF) [14] , point mass filter (PMF) and terrain contour matching (TERCOM) algorithms using multibeam echo sounders [15] , etc. However, there have been few studies on spatial fields-aided navigation. Tyren [16] proposed the concept of magnetic terrain navigation for passive underwater terrain navigation. Katase and Kato [17] focused attention on the orientation behavior of aquatic animals, and attempted to apply this behavior to a new navigation system of AUVs using a geomagnetic map and a bathymetric map. Teixeira and Pascoal [18] proposed a navigation estimator with a sequential Bayesian estimation strategy consisting of a PF using bathymetric and geomagnetic information.
This study discusses navigation methods of a long-range AUV cruising at a middle depth of deep water based on the utilization of a geomagnetic map and a bathymetric map. The bathymetric map was used to increase the precision of the navigation. We evaluated the navigation methods in combination with the INS. We assume that the geomagnetic map was made beforehand by measuring the geomagnetic field for the region where the AUV will cruise.
It is common in the field of Earth Science to use magnetic anomalies, i.e., local variations in the Earth's magnetic field from the value estimated by a standard mathematical description of the Earth's main magnetic field (the International Geomagnetic Reference Field). However, we used the information on the total strength of the geomagnetic field, because we measure the total strength or the components at an unknown position of an AUV to search for the position using geomagnetic field data. Although the utilization of maps on three components of the geomagnetic field may increase the precision of the navigation, this study used the information on the total strength of the geomagnetic field because we used the geomagnetic data, a part of which has only the total strength information. This paper evaluates navigation methods based on simulation by applying them to Suruga Bay, which has a steep slope of the sea floor, and to the Harima Sea, which has a gentle slope of the sea floor. Although both bathymetric map and geomagnetic map about the total geomagnetic strength are available for Suruga Bay, a geomagnetic map is not available for the Harima Sea. Therefore, we first measured the geomagnetic strength at the Harima Sea. Next, we discuss the effects of the frequency of navigation, slope of the sea floor and water currents on the precision of navigation using the three types of navigation methods.
Measurement at Sea

Sea Areas of Measurement and Analysis
We experimentally measured and analyzed geomagnetic and bathymetric data at the Harima Sea as one of the sea areas in which the sea floor slope is gentle and shallow. Measurements at sea were carried out in the area of 20.0 km in the longitude direction and 10.5 km in the latitude direction enclosed from latitude 34 • 22 N to latitude 34 • 28 N, and from longitude 134 • 27 E to longitude 134 • 40 E. The starting point was set at latitude 34 • 22 N and longitude 134 • 27 E, and the end point at latitude 34 • 28 N and longitude 134 • 27 E. We measured the geomagnetic strength and water depth along the route shown in Fig. 1 at intervals of 20 km in the longitude direction and 1.5 km in the latitude direction. For Suruga Bay, which has a steep and deep sea floor slope, we used measured geomagnetic and bathymetric data measured by the Japan Coast Guard (JCG) using a proton magnetometer with an accuracy of 0.1 nT.
Measurement Method and Processing of Measured Geomagnetic Data at Harima Sea
We used the research ship Calanus III (overall length 19.95 m, gross tonnage 19 tonnes) of Kagawa University, Faculty of Agriculture, for our experiments. We used a differential GPS (DGPS) navigation device (measurement accuracy 5 m) to measure the location of the ship, an acoustic Doppler current profiler (ADCP) (measurement accuracy 0.001 m) to measure the depth of the sea floor and a fluxgate-type triaxial geomagnetic sensor (measurement accuracy 0.1 nT) to measure the geomagnetic field. To decrease influences on the geomagnetic sensor from the ship, we set the sensor 3 m apart from the stern as shown in Fig. 2 . We verified in the preliminary experiment that the ship has little influence on the geomagnetic sensor if the sensor is set more than 3 m away from the stern.
The daily variations and the sensor noise are included in the measured geomagnetic data. We analyzed the spectra of geomagnetic data by a sensor that was fixed on land for the same period of time as the sensor on ship. As it was clarified that the spectra beyond the frequency of 0.2 rad/s are almost constant, we omitted measured data obtained at sea when the components were larger than 0.2 rad/s.
The daily variations have roots in the sun's activities, tidal currents, rock magnetism, ionospheric modification and local variation of the geomagnetic field [19] . To exclude the effect of daily variations from the measured data, we analyzed the geomagnetic data at the Muroto observation point and Totsukawa observation point of the Geographical Survey Institute, which are located the closest to the experimentally measured area. We calculated the daily variations by excluding the mean values during 1 year at both observation points from the data at both observation points on the same date of the sea experiment. Figure 3 shows the daily variations at the Muroto observation point and Totsukawa observation point on the same day we carried out the sea experiment. As the maximum difference of daily variations between both observation points was smaller than 1.5 nT, we used the daily variations at the Muroto observation point. From the theoretical point of view, most geomagnetic main field models do not consider short-term variations in the magnetic field. Concerning daily variations, Campbell and Schiffmacher [20] described the solar quiet day variation using harmonic analysis, and Sutcliffe [21] developed a regional geomagnetic daily variation model using neural networks. 
Drawing up of the Geomagnetic Map and Bathymetric Map
The geomagnetic map of Harima Sea covers a rectangular area of 10.5 km in the latitude direction and 20 km in the longitude direction. The number of total meshes is 2000 × 1050 at intervals of 10 m. One mesh interval corresponds to a measurement time of about 1.3 s. The measured data were then averaged every 1.3 s. We calculated smooth data by applying a third-order spline method to those averaged data both in the longitude and latitude directions. Thus, we drew up a geomagnetic map and bathymetric map by using the smoothed data. Figures 4 and 5 show the geomagnetic map and the bathymetric map of the Harima Sea, respectively. Figures  6 and 7 show the geomagnetic map and the bathymetric map of Suruga Bay, respectively. At the sea area for investigation at Harima Sea, the maximum and minimum depths are 42 m and 30 m, respectively. The maximum and minimum geomagnetic strengths are 46 837 and 46 508 nT, respectively. At the sea area for investigation at Suruga Bay, the maximum and minimum depths are 3592 and 1540 m, respectively. The maximum and minimum geomagnetic strength are 45 669 and 45 347 nT, respectively.
Evaluation of Navigation Methods
Navigation Algorithms
We call the navigation method using the INS only 'INS' here, the method using the geomagnetic map and bathymetric map to correct the error of navigation by the INS 'INS-GB', and the method using the geomagnetic map and bathymetric map 'GB'. We assume here that the INS itself has a position error of 0.2 NMI/h, which is equivalent to 10% of the cruising distance with an advancing speed of 2 knots, from the INS performance data in the middle class [22] . In this simulation, the extreme error value of 0.2 NMI/h for the INS performance is used to evaluate the navigation methods in the worst condition, although mathematical models of the inertia navigation system [1] are available.
We assume that an AUV cruises from a starting point to a goal point at a the speed U 0 of 2 knots, and that water current V w acts on an AUV perpendicularly to the original course from the starting point to the target point. We also assume that an AUV measures values of geomagnetic strength, depth and altitude that an AUV obtains as input values for the navigation, and that an AUV can obtain accurate location information of the latitude and longitude only at the starting point.
Steps for the 'INS-GB' Method
(i) We assume that an AUV starts from the starting point and cruises toward the goal point (see Fig. 8 ). The vehicle reaches A1 after a time step when no water currents exist.
(ii) However, an AUV will drift to C1 when water current is flowing. On the other hand, the INS will estimate the position of B1 as the current position of the vehicle because of the position error of 10% of the cruising distance. We set B1 that lies on the perpendicular line from A1 to the line between the starting point and the goal point with the distance of 10% of the cruising distance during t on the right-hand side or on the left-hand side. This arrangement intends to show the worst-case scenario. The mathematical formulae for B1 are given below. The 'INS-GB' method estimates the position of the vehicle using the measured values of geomagnetic strength and water depth at C1 by map matching between the bathymetric and geomagnetic data inside region Z1, the center of which is located at B1. The region Z1 is surrounded by a square mesh with sides 2U 0 long for the minimum area. If the map matching is not successful at this area, the zone is expanded to have an area of (2U 0 ) 2i (i = 2, 3, . . .) until the map matching becomes successful. In the map-matching procedure, sets of the unit square mesh with sides 10 m long containing the measured value are nominated for each map. The overlapped meshes containing both the measured values of the geomagnetic strength and water depth are searched for from the nominated meshes for each map. The position D1 is estimated by interpolation among the locations of the overlapped meshes.
(iii) The location of the vehicle is updated from B1 to D1. We set the azimuth of the vehicle from D1 to the goal point. The vehicle cruises from C1 parallel to the set azimuth in the real world.
(iv) The vehicle will reach A2 after a time step in the imaginary world without water currents. In the real world, the vehicle will reach C2 from C1 because of water currents. The INS estimates the position at B2. The 'INS-GB' method estimates the position of the vehicle using the measured values of geomagnetic strength and water depth at C2 by the map matching between the bathymetric and geomagnetic data inside region Z2, the center of which is located at B2. We define the estimated position as D2.
(v) The procedures from (ii) to (iii) are repeated until the vehicle reaches the goal point.
We formulate the positions of the vehicle A i , B i and C i . We define 0 as the initial azimuth from the starting point to the goal point. The vector of the water current is represented as follows.
We define i−1 as the azimuth from D i−1 to the goal point. The position of A i is described as:
We obtain the vector of the water current in the body fixed coordinate:
The velocity of the vehicle in the body fixed coordinate is described as:
The velocity of the vehicle in the Earth coordinate is transformed from (4):
The position of C i , which shows the position of an AUV in the real world, is expressed as:
The position estimated by the INS is set at the point on the right-hand side or lefthand side from C i to investigate the worst condition for the INS performance. The point lies on the line perpendicular to the line from D i−1 to the goal point with the distance of 10% of the distance of cruising from the starting point. Equation (7) shows the position of B i in the earth coordinate: 
Steps for the 'INS' Method
(i) The vehicle reaches A1 after a time step when no water currents exist.
(ii) However, the vehicle will drift to C1 when the water current is flowing. On the other hand, the INS will estimate the position of B1 as the current position of the vehicle. We set B1, which lies on the perpendicular line from A1 to the line between the starting point and the goal point with the distance of 10% of the cruising distance during t on the right-hand side or on the left-hand side.
(iii) The vehicle will reach A2 after a time step in the imaginary world without water currents. The position of A i is described in (2) . In the real world the vehicle will reach C2 from C1 because of the effect of the water currents. INS estimates the position of B2 as the current position of the vehicle. We set B2 that lies on the perpendicular line from A2 to the line between the starting point and the goal point with the distance of 10% of the cruising distance from the starting point on the right-hand side or on the left-hand side. The position of B i is described as follows. (iv) The procedures from (ii) to (iii) are repeated until the vehicle reaches the goal point.
Steps for the 'GB' Method
(i) The vehicle reaches A1 after a time step when no water currents exist. It will drift to C1 when the water current is flowing. The 'GB' method estimates the position of the vehicle using the measured values of geomagnetic strength and water depth at C1 by the map-matching between the bathymetric and geomagnetic data inside region Z1, the center of which is located at A1. In the map-matching procedure, overlapped meshes among the nominated meshes for the geomagnetic and bathymetric field are searched. The position D1 is estimated by interpolation among the locations of the overlapped meshes.
(ii) The location of the vehicle is updated from A1 to D1. We set the azimuth of the vehicle from D1 to the goal point. The vehicle cruises from C1 parallel to the set azimuth in the real world.
(iii) The vehicle will reach A2 after a time step in the imaginary world without water currents. In the real world, the vehicle will reach C2 from C1 because of water currents. The 'GB' method estimates the position of the vehicle using the measured values of geomagnetic strength and water depth at C2 by the map matching between the bathymetric and geomagnetic data inside region Z2, the center of which is located at A2. We define the estimated position as D2.
(iv) The procedures from (ii) to (iii) are repeated until the vehicle reaches the goal point.
Simulation Terms and Conditions
We simulated the navigations both at Suruga Bay and the Harima Sea in terms of (i) a comparison of the three types of navigation algorithms, (ii) the effect of frequency of navigation from 1 to 10 min, (iii) the effect of sea floor slope and (iv) the effect of water currents. We set the starting point and the goal point at Suruga Bay as shown in Fig. 5 and those at the Harima Sea as shown in Fig. 7 . The cruising distance is 17.6 km for both cases, for which it takes 285 min for the vehicle at 2 knots. Figure 9 shows a sample of the simulation of navigation by the 'INS' method, where the time step was taken as 10 min and the position estimated by the INS was set at the point on the right-hand side from the previous course, i.e., α = i−1 + π/2 in (7). We find that the actual AUV departs from the course as the AUV cruises ahead with time, although the estimated position of AUV reaches the goal point. Figure 10 shows the root mean square (RMS) errors of the estimated position from the actual one of the AUV against time steps. RMS errors are almost independent of time steps and the deviation angle of the INS. Figure 11 shows the RMS errors of the estimated position from the actual error one of the AUV against time steps, including the estimated position by the INS expressed by (7) . RMS errors by the 'INS-GB' method are much smaller than those by the INS and are almost constant even if the time step becomes larger, while RMS errors by the INS increase as the time step becomes larger. We can see that the correction by map matching using the geomagnetic and bathymetric information is effective for all time steps. Figure 12 shows the RMS errors of the estimated position from the actual one of the AUV against time steps by the 'GB' method at Suruga Bay and the Harima Sea. Compared with the results by the 'INS-GB' method at Suruga Bay in Fig. 11 , the precision of navigation by the 'GB' method is almost the same as that by the 'INS-GB' method.
Comparison of Navigation Algorithms
Effect of Sea Floor Slope
The RMS errors at the Harima Sea have more than double the values of those at Suruga Bay as shown in Fig. 12 , which indicates that the slope of the sea floor influences the precision of navigation by the 'GB' method. The gentle sea floor slope at the Harima Sea causes the irregular change of RMS errors with time steps.
Effect of Water Currents
To investigate the effect of water currents, we set the condition where a water current of 0.2 knots, 1/10 of the advancing speed of an AUV, flows perpendicularly to the original set course from the starting point to the target point as shown in Fig. 8 . Figure 13 shows the RMS errors of the estimated position of AUV from the actual one against time steps by the 'INS-GB' and 'GB' methods. We can see that RMS errors by the 'INS-GB' method are influenced by the deviation angle. We evaluate here the performances of these navigation methods from the worst results. From this standpoint, the 'GB' method shows better navigation performance than the 'INS-GB' method, although RMS errors by the 'GB' method are in the middle of RMS errors of the 'INS-GB' method for two deviation angles. Compared with the performance of the 'GB' method in the case without a water current shown in Fig. 12 , we can see that the effect of water current on the precision of navigation is small. On the other hand, the precision of navigation of the 'INS-GB' method is influenced by water currents, judging from the comparison of the results between Figs 11 and 13. Figure 14 shows the simulated navigation of AUV by the 'GB' method in water current at Suruga Bay with the time step of 1 min. We can see that the estimated position overlaps the actual one, while they deviate from the set course by the water current.
Conclusions
This study discussed navigation methods for long-range AUVs cruising at a middle depth of deep water based on the utilization of a geomagnetic map and a bathymetric map. We have reached the following conclusions: (i) On the assumption that there are no water currents in the cruising area, the precision of navigation of an AUV with the use of a geomagnetic map and a bathymetric map without the INS is almost the same as that using the INS with a positional correction by geomagnetic and bathymetric information.
(ii) The presence of a water current worsens the precision of the navigation of an AUV using the INS with a positional correction by geomagnetic and bathymetric information, while it only weakly influences the precision of navigation of an AUV with the use of a geomagnetic map and bathymetric map without the INS.
(iii) The sea floor slope strongly influences the precision of the navigation of an AUV with the use of geomagnetic and bathymetric maps.
(iv) The frequency of navigation shows little influence on the precision of both navigation with the use of geomagnetic and bathymetric maps without the INS and that with using the INS with a positional correction by geomagnetic and bathymetric information.
For future work, a regional geomagnetic daily variation model such as Sutcliffe [21] developed using neural networks should be implemented in the 'GB' method to exclude the effect of the regional geomagnetic daily variation. After we prepare a geomagnetic map and bathymetric map where a real AUV will cruise at a middle depth of deep water for a long-range distance of over 1000 km, we should test the algorithm using a real AUV to verify the possibility of long-range navigation at a middle depth of deep water using the 'GB' method.
